
REPORT 999

INVESTIGATION OF THE NACA 4-(3) (08)-03 AND NACA 4-(3) (08)-045 TWO-Bli4DE PROPELLERS
AT FORWARD MACH NUMBERS TO 0.725 TO DETERMINE THE EFFECTS

OF COMPRESSIBILITY AND SOLIDITY ON PERFORMANCE 1

By JOHN STACK, EUGENE C. DRALEY, JAMES B. DELANO, and LEWIS FELDMAN

SUMMARY

As part ofa general investigation of propellers at high
forward speeds, tests of two %blade propellers haLtingthe A?ACA

4–(3)(08)+3 and iVACA4-(9)(08)-045blade designs hate
been mude in the Langley 8400t high-speed tunnel through a
range of blade angle from 200 to 600 for forward Mach num-
bers from 0.166 to 0.725 to establish {n detiil the changes in
propeller characteristic~ due to compressibility eject~. The~e
propellers difered primarily only in blade solidity, one pro-
peller hazing 50 percent more solidity than the other.

Serious losses in propeller efioienq were found as the pro-
peller tip Mach number exceeded 0.91, irrespective of forward
speed or blade angle. 17ie magnitude oj the ejliciency losses
wu-ied from 9 percent to %? percent per 0.1 increase in tip
Mach number abo~e the crt”tical value. l%e range of adwmce
ratio jor peak eficiency decreased markedly with increaw of
forward speed. The general form of the changes in thrust
and power coe~sients was found to be sinvdgr to the changes
in airfoil lift coefint with changes in Mach number. E@-
ci.ncy losses due to compressibility e~ects decreased wi>h
increase of blade width. The results indicated th.d the high
lecel oj propeller efic-”ency obtained at lots speeds could be
maintained to forward sea-lewl speeds exceeding 500 miks
per hour.

INTRODUCTION

Limitations of the screw propeller as a propulsive element
for aircraft due to adverse compresaibihty effects have been
recognized for several years. Airfoil and propelIer investi-
gations have shown that marked decreases in propeller
efficiency are encountered as blade-section speeds approach
the speed of sound. Some existing information has been
interpreted as showing that screw propellers might become
impracticable because of compressibility losses at. speeds
slight.Iy higher than current blade-section speeds. Other
information has been interpreted as contradictory of this
conclusion. Two deductions that appear to be clear are:
First, the true magnitude of the losses is relatively unknown
and, second, the Iosses are of magnitude sufl?icient to require
conaiderabIe research leading to the development of im-
proved propellers if current. efficiencies are to be maintained.

Available airfoil data are essentially two-dimensional and
when applied without correction for three-@nensional
effects, as at a. tip, and without correction for tunnel-wall
effects, which at high Mach numbers are still uncertain
may give unduly pessimktic reedts. On the other hand,
existing propeller data obtained at high tip speeds but Iow
forward speeds are nonconservative when appIied to com-
putations for high forward speeds because the variation
of Mach number along the bIade is incorrect. Propeller
efficiency at high forward speed estimated by the use of
these data is too high. Some flight test. data have been .:
obtained by various experiments which show critical tip
Mach numbers of 0.88 to 1.0. Some of these results are
questionable because of the practical impossibility of obtain-
ing adequately controlled test conditions. Furthermore,
none of the ftight. data permit an evaluation of the compress-
ibility losses because the blade-section speeds are in the
compreasibiIity range even for the Iowst speeds invest.igat ed.

SeveraI yearn ago the NACA, recognizing the seriousness
of the problem, instituted a long-range research program to
Iead to the development of improved propellers at high
forward speeds. Early phases of this work were airfoil
studies that Ied to the design of sections having high critical
Mach numbers (reference 1). Existing propeller dynamom-
eters were unsuitable because of inadequate power for
this extensive research, and the building of new and ade-
quately powered dynamometers was also undertaken.
Shortly after this program was instituted, the defense pro-
gram and later the war emergency arose and many delays
in the procurement of blades and equipment were en-
countered because of priorities- assigned to other work.
Recognizing the need for propeller development and for
study of compressibility phenomena as related to propellers,
the LangIey Laboratory proposed an emergency investi-
gation with immediately available equipment to study
particularly the compressibility phenomena.

The present. research consists of investigations of t.wo-
bIade propellers over an extensive range of Mach number ._
and blade angle and incIudes, in addlt ion to the effects of .._
compressibiIit y, the effects of solidity and blade-section
camber. The iirst results of this investigation -wKlgh.gre _. -.=

I This report containsmaterialorighrellyhued as N.4C.4 ACR 4.4IOand AC R 4B16in Janoary and February 1944,whichuntil recenffs’hare beensubjeet to security regulattom.
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related to the effects of compressibility and solidity on
propeller performance. me presented in this report for two
propelIera having Iate-critical-speed blade sections and
difhring essentially only in solidity, One propeHer has
conventional solidity and the other propeller has 50 percent
greater design solidity.
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SYMBOLS

blade width, feet
blade-section design lift coefficient

P

()
ppwer coefficient —

p?#D6

T
()

thrust coefficient —
pn2D4

.

propeller diameter, feet
blade width ratio
maximum thickness of blade section, feet
blade. thickness ratio
advance ratio (VO/nD)
tunnel-datum (forward) hfach number (tunnel-

empty lMach number uncorrected for tunnel-
wall constraint)

( J’+(5D
helical tip Mach number M

criticaI tip hfach number

propeIler rotational speed, revolutions per second

pos~c~~xorbed by the propeller, foot-pounds per

P
power disk-loading coefficient

()
1 J7:S3P

propeller tip radius, feet
blade-section radius, feet

()
rD2

propeller disk area, square. feet ~

propulsive thrust of propeller, pound~

()Tthrust disk-Ioading coefficient —
PV2D2

tunneldatum velocity (tunnehnpty velocity
uncorrected for tunnel-wall constraint), feet-
per second

equivalent free-air velocity (tunnel-datum velocity
corrected for tunnel-wall constraint), feet per
second

blade-section station
section blade angle, degrees
section blade angle at 0,75 tip radius, degrees ~~

CT ~()propulsive efEciency ~

maximum propulsive efficiency
number (M~=0.25)

relativa maximum efficiency
maximum propulsive efhciency
air density, slugs per cubic foot

at low tip Mach

APPARATUS AND METHODS

The investigation was conducted in the l~anglcy tbfoot
high-speed tunnel. The propeller-model couf~uration in-
vestigated is shown in figure 1.

Propellers,—Two 2-blaclc propellers were used in this
investigation. ThesO propellers are designated as the NACA
4–(3) (08)–03 and the NACA 4-(3)(08)-045 blade designs.
The designation numbers describe tho propullms. Tho
number (or numbers) of the first group is the diameter in
feet; the number (or numbers} of the second group (cncloscd
within the first set of parentheses) is the design lift coeffi-
cient (in tenths) of the blade section at the 0.7-radius
station; the numbers of the t bird group (cncloscd within
the second set of parentheses) arc the thiclmcss ratio of the
blade section at- the 0.7-radius stat ion; and t.ho numbers of
the fourth group are the. blade solidity exprmscd as the ratio
of the blade chord at the 0.7-radius stat iou to the cirmmlfm-
ence of the circle Imving a radius 0.7 of the proprller tip
radius, The h’ACA 4–(3) (08)-045 propcdhw thus has a
diameter of 4 feet and the blade section at the 0.7-rmiius
station has a design lif L coefficient of 0.3, a thickness rtitio
of 0.08, and a blade solidity of 0.045.

(a? Wing-fusdngemmlcl.

(b) “NAC44-(3)(09-03propc-llcrbWallation.
FIGUREI.—Installationforpropellerinvost!gattonin Lm@y 8-fo6thtsh-wwd tunnel.
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The propellers were originally designed and constructed
for use in an extensive and generaI imrestigation of propel-
lers at. high forward Mach numbers. The bkides of these
propellers were designed for a three-bIade propeller to
produce minimum induced energy losses (profile drag
assumed equal to zero) at. a blade angle of approximately
45° at the 0.7-radius station. The blade sections are Iate-
mitiml-speed sections of the NLK?A 16 series (reference 1);
methods and principles employed in the design of the blades
are discussed in reference 2. The blades differ primariIy
ordy in blade width. (The hTAC.A 4–(3) (08)–03 b~ade is of
conventional width.) Blade-form curves for the propelIera
tested are presented in figure 2.

The bIades were made of duralumin and were constructed
in ~he Langley shops. The bIade sections and other general
dimensions were accurate within O.OO2inch. A photograph
of the blades is shown as figure 3.

Wing-fuselage model.—The model (fig. 1) w-as especially
designed to have a high criticaI Mach number. The NTACA
E cowling, which was designed for high critical Mach number
from basic studies of air inlets in a strea&e body (reference
3), was used. This particular cowIing was originally tested
in a general study of pursuit-airpkme performance (reference
4). The wing of the model extended through the ttmnel
walk and was fastened to the bidance system. The airfoil

section was a motied NACA 66-series section of 9 percent
thickness and 20-inch chord. The critical Mach number of
the modeI exceeded 0.75. The highest forward ~lach
number at which these investigations were conducted was
0.74. In some of the preliminary runs, excessive vibration
of the model was encountered at some speeds and was
eliminated by a verticaI streamline support that secured the
tail of the modeI to the balance ring outside the tunneI.
This support had a critical Mach number of 0.80.

The propelIer hub was contained within t-he inner spimer”-
of the cowling and the portions of the blade between the
inner and outer eowIings were shielded from the air flow~by
cuffs secured to the spinner (figs. 1 and 4). The outside
diameter of the cowling at the propel~er pIane was one-third
of the prop dler diameter; hence, only the blade sections
having good aerodynamic form were exposed to the air stream..

There was a smaU gap between the propeller and the outer
spinner at the station where the blades projected through
the spinner. This gap was sewed by a strip of sponge rubber
cemented to the blades (fig. 4) to prevent radial outflow
from the cowling.

Dynamometer.-The dynamometer was completely en-
closed by the fuselage. I@amometer detaiIs are shown in i5g-
ure 5. The motor was 10 inches in diameter and 30 inohes long.
It was rated at, 200 horsepower at 4,900 rpm for % hour of
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(a)NACA4-(3)(0S)-03. (b)NACA4-(3)(0S)-045.
Fmum 3.—Blodedesignsinvestigated.

operation. Some of the ru~ were l~ited because of lack
of power even though a coneid erable overload above the
normaI J&hour rating was emplo$ied. Continuous speed
controI of the induction motor was obtained by the use of a
Variable-frequency power supply.

The motor housing was mounted on bearings coaxial with
the shaft and was held from rotating under the.. torque
reaction by a cantilever spring. One end of this cantilever
spring was rigidly fixed to the frame of the model and the
other end was held in c.ont.~ct with the. motor casing through
torque reaction. The contact between spring and motor
casing was through roller bearings in the end of the spring
and bearing plates fastened to the motor casing,

The propeller torque is the motor torque reaction acting
on the cantilever spring. This torque was measured by
electrical strain gages cemented to the cantilever spring.
Four strain gages were use~t,o fol~ the arms of a Whets-
tone bridge. By arranging two gages on each side of the
spring, it was possible to provide temperature-effect comp-
ensation and to obtain adequate sensitivity. For runs at
low values of torque, a simiIar but weaker spring was used to
obtain improved accuracy. A photograph of the springs
with strain gages installed. is shown as figure 6.

The strain gages were calibrated by applying known
weights at the end of an arm fastened to the motor casing
and by recording the bridge unbalance as the torque. Linear
calibrations were. obtained in which the measured torque
values were within &0.5 percent of the applied values.

FIGUUE4.—F’roPelhxhub iind S]lbmer.

Thrust balance.—The thrust was measured by the t.unm?l
drag balance. The force indicated by the drag balance was
the redtant force along the thrust axis, thflt. is, the thrust.
of the propeller minus the drag of thc model. The propul-
sive thrust was determined as the rcsul tant Iorcc in Ihe
thrus~ direction minus the drag of the model without the
propeller. The variation in body drag duc to variation in
aerodynamic smoothness from run to run was cickrmined
from many repeat tests of the body without the propdler
tind was found to be less than + 1 ptmxmt of the value of the
propulsive thrust wt.maximum efhiency.

Rotational speed, —The propelIer rotational spmd was
measured by a condenser-type t.achonwtw at.t arhml to lhc
motor shaft. A check on t-he accuracy of this instrument
was provided by comparing its readings with those obt aincd
from known Lissajous’ figures on an oscilloscope connected
to an alternator on the motor shaft. Generally, the rota-
tional speeds obtained from both inst.rumcnk agreed to
within * 3 rpm.

TESTS

Thrust, torque, and rot at ional speed were mmsurcd
throughout the operating range of the propellers. The
range of I.Jade angle covered for each t-&t l~ach nurnbcr
is giv~. in table I.

TABLE I.—TEST RANGE OF BLADE ANGI,E AND MACH
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l?r~rrm&-Dyrismometer details

or the power of the propeIIer ch+re motor. For the low
blade angIes, the propeller-rotational-speed limit of 5,000
rpm was the principal restriction and, for the high blade
angles, power Imitation of the motor was the principal
restriction. The data obttiined, however, are adequate for
determination of maximum efficiencies and the shape of the
propeller-efficiency curve for the advance ratios required
for zero thrust to advance ratios less than those required
for maximum efficiency. The normal operating range of
Mach number and advance ratio for each bIade angle thus
was co~ered.

REDUCTION OF DATA .,

The data have been reduced to the usual thrust and power
coefficients and efficiency and have been corrected for the
prop@ive effects of the cowling and spinner and for tunnel-
vrall constraint. The tunnel-wall constraint necessitated a
velocity correction to free-air conditions and a modeldrag
correction because of the buoyancy effect.

Thrust,-The thrust coefficient was determined from the
propulsive thrust. The force actualIy measured during the
propeller tests was the net force in the drag direction. The
thrust was then determined as the net measured force minus
the drag of the model without the propeIkr and minus the
thrust due to the buoyancy effect. The modeI was so
mounted that a lift coefficient of approximately 0.1 was
attained at the highest forward speeds. The thrust afis
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FIGCEE 6.–Csntilewr springswith strain gages.

The test procedure consisted in setting the blade angle
at the desired value and raising the tunnel airspeed to the
desired tunnel-datum Mach number with the propeller
windmilling. The range of advance ratio was then covered
by increasing the propeller rotational speed while the tunnel-
datum Afach number was held constant. The ranges of
advance ratio and tunneldatum Mach number were limited
by either one of two factors, the propelIer rotational speed
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was therefore inclined at a smalI angle, slightly less than 10
to the direction in which the drag force was measured by the
balance. The cosine correction, however, is insignificant
and therefore has not been applied.

Power.—The power coefficient was determined from the
readings of the calibrated strain gages. Some difficulty was
encountered with the strain-gage operation and frequent
calibrations were made. When changes in calibration were
found, repeat tests of the propeller were always made.

Nose-blower thrust and power.—The nose-blower cowling
contributed both thrust mnd torque to the measured thrusts
and torques. The cuffs, which shielded the propeller shanks
within the cowling, acted as hIower blades and were designed
to operate at appreciable values of lift coefficient in the low
advance-ratio range and gradually to approach operation
at zero lift coefficient in the Klgh advance-ratio range. The
propeller thrust and torque coefficients have been corrected
for the effect of the blower. These corrections were deter-
mined from tests of the blower alone operated through a
wide range of advance ratio a.t each test–Mach number.
The results of these data were reduced to t,knwe.tand power
coefficients.

Velocity correction due to tunnel-wall constraint,—Owing
to the constraint of the tunnel walls, the equivalent free-
stream velocity corresponding to the thrust and torque of
the propeller measured at each rotational speed difi’ers from
the tunnel-datum velocity (tunnel empty). The correction
to the tunnel-datum velocity was evaluated by surveys of
the total and static pressures in three. pkmes: 12 inches in
front of and 3 and 12 inches behind the plane of the propel-
Ier. These surveys extended radially from the tunnel wall
to the tip Iocation of the propeller. .TJle velocity correction
was then evaluated by the method of reference 5. This
correction, which has been applied to we calculation of
advance ratio, is prseented in figure. ,7.as the ratio of free-air
ve~ocity to the tunnel-datum velocity (tunnel empty) as a.
function of the. thrust disk-loading coefficient= The tunne.l-
wall correction was found to be dependent only on the thrust
disk-Ioading coefficient for the range of tunnel speed and
propeller operation used in these investigations.

The reeuhs preeented in figure 7 show that, for the zero
thrust condition, a correction of 2 percent is required to the
tunneldatum velocity. This correction is due to con-
striction of flow produced by the .rnodel alone in the presence
of the timnel wall. The velocity correction required because
the propeIler is operating in the presence of the tunnel -wall
is zero for the above condition. Consequently, the changes
in the velocity correction shown in figure 7 are due entirely
to propeller operation in the presence of the tunnel wall.

The tunnel-datum ~Mach number has not been corrected
for tunnel-wall constraint. U can be shown that for the
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FIGURE 7.—Tumel-wnll Intcrfcronw omcct[on.

range of velocity ratio shown in figure 7 the factor required
to cmrect the tunneldatum velocity or Mach number to
free-stream condition is essentially the samo as the velocit.y-
correction factor.

Buoyanoy correction to thrust,-owing to the contraction
of the propeIIer slipstream in the presence of the tunnel wall,
the air outside of the slipstream undergoes an incrcaso in
static pressure with distance downstream from the propel-
ler. This increase in static pressure gives rise to a buoyancy
force.:on the model. The buoyancy force was cvaluat.cd
from simultaneous measurements of tho static pressure at
orifices 6 inches apart in a circular tube extending to loca-
tions ahead of amd behind the fuselage. and installed ripprox-
imateIy 6 inches from the wall of the tunnel. These measure-
ments permitted evaluation of the buoyancy force from
changes in the Longitudinal pressure gradient (produced by
changes in propeller thrust.) in which the model was Iocatcd.
It was found that the buoyancy force was approximately
2 percent of the propulsive thrust for all opwwt.ing conditions
of the tunnel and propellers. This correction has been
applied to t,he thrust results presented herein.

RESULTS AND DISCUSSION

The basic characteristics for the IVACA 4-(3)(08)-03 and
4–(3) (08)-045 two-blade propellcre arc presented in figures
8 and 9, respectively. For each value of t.ho tunnel-datum
Mach number, the propeller thrust coeffieicnt, power co-
efficient, and efficiency are plotted against advance ratio.
The variation of tip Mach number with advance. ratio is t-ho
included. As used in this report, the tunnel-ht.um Mach
number M isnot corrected for t-he effects of t.unnchvall
constraint. The frc~stream Mach numbm crm bo obtttincd
by appleying the tunnel-wall corrections prcsmukx.1 in figure 7
to the tumeIdatum Mach number. Similarlyj t.hr corrcctcd
tip I@ch number can also be obtained. .-
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COMPRESSIBILITY Ef?FECTS

The general effects of compressibility on propeller per-
formance shown by the results of the ?5JACA 4-(3)(08)-03
and 4-(3) {08)-045 propellers are similar. Consequently,
these effects will be illustrated by the results for the NACA
4–(3) (Og)+33 propeller.

Critical tip Mach number,— The primrtry consideration in
the operation of propellers at high forward speeds is the tip
hlach numbers that can be reached before serious losses in
maximum efficiency are encountered. . These .valu.es are
indicated by figure 10, which shows the variation of relative
efficiency with tip Mach number for several blade angles.
The relative efficiency qn,a.jvt is the ratio of the maximum
efficiency at the tip Mach number being considered to the
rna.ximum efficiency at low speeds (at a tip Mach number
of approximately 0.25). I?rope]]er critical tip Mach num-
bers of the order of 0.88 to 0;91, depending upon the blade
angle, am shown (correction of the twmeI-datum Mach
number by use of the factors given in figure 7 re@ts in
corrected Lip hlach numbers of 0.90 to 0.93). The highest
value was obtained for a blade angle of 45°. At this blade
angle, the propeIIer tested operates with its blade sections
at practically their design or optimum lift coefficients;
bent.e, it is for this condition of operation that the blade
sections have their highest critical Mach number. Opera-
tion at blade angles other tlmn 45° requires thai the Made
sections operate at lift coefficients other than the optimum
vaIues and hence lower critical Mach numbers can be
expected. The variation. o~critical tip Mach number. .svith
blade angle is shown in figure 11. It can be expected that
critical tip Mach numbers as high as those obtained for the
blade angle of 45° can be obtained for the same loading at
other blade angles, provided that the. pitch distribution “and
solidity me modified to permit operation of the blade sections
at their design lift coeflici.ents.

Envelope efficiency. —The influencgof compressibtiity on
propeller performance is further illustrated in figure 12 by
comparison of the envelope” ei%ciencies obtained, at various
forward Mach numbers. Curves of approximately constant
tip Mach number are also slmwn in the same figure. Serious
losses in efficiency appear first at low values of advance
ratio for any given forward Mach number. Such losses can
be obtained with incorrect choice of diameter or gear ratio.

FIGURE 10.—lHfect of compressibilityy on relative maximum e5ciency for
NAOA 4-(3T(OS)-03PFOPelIW.

Compromise designs involving increased dirtmcter favoring
climb or take-ofl may lead to import mnt comprcssiMiiLy
losses .at high speed. The rapid decrease in efficiency wiLh
decrease of advance ratio and incrcasc of forward Mach
number emphmsiz.es the ixnportwwo of opmntion aL prc)pcr
values of udvartce ratio when thu forward XIach numlwr is
high. Thus, one method for delaying comprwsibility
losses .to higher forward speeds is to reduce t.hc tip 31w:h
number by operating aL high values of advance ratio.

Efficiency loss at supercritical speeds, -=!l’ho cflici&cy
loss at supercritie.al tip Marh numbers is linear within lhc
speed range investigated and varies from approximately.-
9 pmeetit to 22 percent per 0.1 incrmsc in tip hfarh numbrr,
(See ~. 10.) As with Lhe critical tip Mach number, Lhc
rate of &Eciency loss is depmdont upon the bktdc ftnglc and
is a min~urn at the design blade angle. C)pm’at.ion aL blade
angles ..der thtin the d.esigq value, which is npproximnt ely
45° for this propeller, leads to higher et%ciency losses because
the blade sect ions are operating at Iif t cocflkients other tba n
the design values. Lower critical sped and larger drag
losses consequently would occur. Furt.hermorc, a greater
proportion of the blade operates at higlwr section speeds
at the higher blade angles if the tip Mach number is hultl
constant. The magnitude of tbc efficiency 10SSCSat super-
critical tip Mach numbers is sufEcimtIy great to rcquiro

81ade arqfe, &7~a1 deq

FIGURE Il.–Effect of blade anglo on critieaf tlp Ma& numbw for NACA 4-(8)@fW3
propeller.
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FmUEE H.–Effect of wmpressibtlity on envelope ellicionoy for NACA 4-(S) (09MS
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that such operation be avoided. In designs for -which it.
may be impossible to a-roid operating at supercritical tip
Mach numbers, the variation of efficiency with blade angle
emphasizes the need for selection of the proper pitch dis-
tribution.

The losses in eficiency due to compressibility effects are
higher than those indicated by some previous research.
High tip speeds generaIIy are encountered with high-speed
aircrafh and hence at high values of the advance ratio and
blade angle. Most previous investigations have been made
at low forward speeds and low blade an@, and losses based
on previous data therefore are an extrapolation when applied
to determine performance at high values of advance ratio
ancl IJade a.ngIe. The most wideIy used method for appli-
cat ion of high-tip-speed data over wide ranges in blacle
angIe is given in references 6 and 7. This method consists
in substituting the efficiency determined by tests at one
blade angle in the e-spression for the efficiency derived from
the simple blade-element theory ancl evtduating an effective
drag-Lift ratio of the bItide. This drag-lift ratio is then
substituted back in the same formula and appIied to alI
vahms of advance ratio. The results obtained from this
method of extrapolation as applied to propeller probIems
for high-speed airpIa.nes can be e.spected to be optimistic,
particularly for values of the Iosses above the propeIIer
critical tip Mach number. This is true because the effective
drag-lift ratio determined for the blades had been found from
tests at low forward speeds and low bIade angles for which
the proportion of the bIade above the section criticaI Mach
number is smaller than that. in normal operation at. high
speeds and high Made angles. A comparison of the efficien-
cies as cdculat ed by the method of references 6 and 7 and
the va.Iues obtained in the present investigation are shown
in figure 13 (the tip Mach numbels have been corrected for
tunneI-waII constraint). The critical tip Mach numbers
are shown to be slightly lower and the losses, considerably
greater than the ~xtension or extrapolation of previously
esisting data indicates. Figures 10 and 13 also show
slightly favorable effects of compressibility at subcritical
Mach numbers, which have not been shown by previous
information.

!l!hrust and power coefRcients,-Studiss of the comprwsi-
bility effects based on efficiency alone are, of course, of
primary importance in relation to a.irpIane performance;

#
&

$
&.>

$

4
?@M&h naizkq .Ut

FIGUEX 13.—C%mperfsonof relativemaximumetlicienckewith vehwsobtained
by a mnveutionalmethodofextrapdatfon.

they, however, are not completely ilhstrative of the types
of change occurring because the efficiency is dependent upon
the thrust ancl power coefficients and upon the advance
ratio. l_t is conceivable that considerab~e variation in thrust
and power coefficients at a given value of the advance ratio
and blade tmgIe can occur without affecting the efficiency
to any great degree. The variations of thrust coefficient
and power coe&ient with forward Mrtch number at constant
-dues of advance ratio for a bkide a~ole of 45° are shown in
figures 14 and 15, respectively. Such pIots are equivalent
in a sense to plots of airfoiI lift coefficient ftgainst Mach
number for constant angIes of attack. Marked changes iR
the thrust and power coefficients occur and these changes
are, in general, similar to the ~ariation of airfoil lift _co-
efficien~ with Mach number except. at the Iovrest speeds. at
which the thrust and power coefficients appear to vary
somewhat irregularly. This irregular variation (to be
eqlaineit subsequently) is probably due to a change in
acl-rance ratio for zero thrust and power. If profile drag
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is neglected, the thrusl and power coeflkients for constant
advance ratio and blade angle could be expected to vary
with Mach number as airfoil lift coefficient vmies with
Mach number for a fixed angle of attack. Theoretically,
for an airfoil, this vmiatio ninliftcoefficien tisproportiomd

1
‘0 \m and, for the propeller with the thrust and power

both having a similar variation, no effecL on the efficiency
is found. .The effect of compressibility on efficiency in the
subcritical range (fig. 10) is favomble; ~~ence, it. @ indicated
that some increase. in blade-section Iift-drag ratio” “must
ocgur m the speed is increased up to the critical value. As
basic airfoiI data have also shown a slight increase in Iift-
drag ratio with incretise in speed or Reynolds number,

.22

.-. .“,

I I {2.45~ I ]2.50~ I i f I I
o ./ .2 .3 .4 .5 .6

Forward I!-40c+Inumber, M

FIGURE15.—Varfat1on of power eoefiiclentwith Machnumberforwnstsnt valuesofadvance
ratio forthe NACA 4-(3) (0S)-03 propeller. @a.7uW.

particularly at low vahws of Lhc Reynolds numbur, lIw
small effect on propdlw cffirimcy sllow]l by figure 1.0 is
to be expected.

The variation in the advance ratio for zero thrust. and
power coefficients at, low speeds is not readily u ndcrstuod.
Drag y-ariat.ion alone cannoi account for tho effccL because
drag-curve variation would tend to httvc tbo oppmilc
effects on thrust-coefficient and ~lo~!’cr-cocffic.it’nt values.
VariatY& of the angle of zero lifL of Lhe IJMIc sections is
indicaicd. The effect of comprcssibilit.y on thrusL cocf’h-
cient is shown in figure 16. It will be noted, however, thaL
the variation in advance ratio for zero thrust and zero power
wKlch oc.cum rtt 10-wspeds tends to dis~pprar rts [he* SPA
of the air stream” is incr&cd. Tho var;at.ion mtIy ~;- duc
to some Reynolds number effect. The Shl])e of lhc curves
indicates that a constant vtihw of thu zero-thrust and zrro-
po-wer-~d%ce ratio is rmchocl at Reynolds numbers @
Mach numbers below the criticftl tip spds; lwncc, [he
RecynoIds number of the tests is prolmldy sufficieilt]y largy
to permit direct application to most full-scale problems.

At the highest ~f ach numbers i.nwsLigatcd, marlud
decreases occur in thrust cdlicicnt, powur gocffkimt, rtnd

Advance ratio, J
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FIGURIi 16.–Effects of compressibtity on thrust mefllcicut fir the NACA MUE3)=03
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adwmce ratio for zero mlues of the thrust. and power. These
changes are entireIy in accordance with previous airfoil
data which have shown Iarge decrease% in lift coefficient,
increases in drag coefficient, and change in a.ngIe of zero
lift. The similarity of the compressibility effects observed
to those founcl for airfoils is further illustrated in &ure 16.
At the Iow speeds, some irregularities in the thrust-coeflkient
curves appear and these irregularities are Somemhat simdar
to those that. ha-i-e been found in lift curves at lo-iv Reynokls
numbers. Ti5th increase of speed, the irregularities ilis-
a.ppear. There is an apparent increase in the maximum
lift coefficient with increase of speed that is evidenced by
the higher thrust coefficients obtained for the high-speed
data at the Iower advance ratios. The slope of the thrust-
coefficient cur~e increases with increase in speed in essen-
tially the same way as the lift-curve elope increases -ivith
lIach number and, finaIly, there is a shift of the thrust
curve to the Ieft which corresponds to the shift in lift. cur~e
that. has been found in tests of airfoils at high airspeecIs.

COl$lPIZESSIBfLITYANDSOLIDITYEFFECTS

The effects of compressibility and solidity on propeller
performance presented in the foIlo-iving discussion are based
on a comparison of resuIts of the ATACA 4–(3) (0s]–03 and
4-(3) (0s)–045 two-bIade propeIIers, the basic characteristics
of which are gi~en in figures 8 and 9.

Critical tip Mach numb er.—The effect of soIiclit.y on the
critical tip Mach number is i.rdcated in figure 17 which
shows the variation of the relative masimum efficiency
with tip Mach number for several bIade angles. Increasing
the blade solidity has a favorable effect on critics.I speed,
and,. within the range of tip speed investigated the Iosses
at t amed with the wider blade are appreciably smaller than
for the narrower bIade. At the design bIade angle (approx.
45°), the wider blade increased the critical tip Mach number
by approsimateIy 0.03. Sma.Uer increases in critical tip
Mach number occurred at other blade angles.

The favorable effect on m-itica~ tip speed produced by
increased blade width is probabIy due principally to the
lower Iift coefficient of the wider bIade at its ma.xinmm
efficiency. The ratio of the thrust coefficients at maximum
efficiency for the two blades at the design blade angIe is
shown in figure 18. Over the entire range of tip lfach
number, the ratio of the thrus L coefficients is appreciably
less than the ratio of blade soIidities. This ratio, however,
is sensit i-re to the fairhg of the efficiency cum-es near the
peak of the cum-es; consequently, the vaIues shown in
figure 18 are to be considered in a qualitative sense only.
At the highest Mrtch numbers, the maximum efficiencies of
the two propellers occur at approximately the same ~aIue
of thrust coefficient.. The wider b~ade consequently reaches
maximum efficiency at lower values of blade-section lift
coefficient; hence, higher critics.I 31ach numbers would
be expected.

@ Much numb-, d~

(a) g?U5,?=4&.
@) 15’o.?m=w’.
(d f?@.;5E=~.
(d) fiisx=~.

FIGmE 17.—Effectofcomprwibility sad sdidit y cn reht.ke mariroumefficiency.

,,

.

,

—

FIGUEE 18.–Compe.rfScm of the thrust eoeIlicientafor the NilC.&4-(3I(OWXand
NACA 4-(3)(0s)+45propeJlwaat maximumefficien~ #0.nE,4W.

Envelope efficiency,-En~elope efficiency curves for both

propellers are presented in figure 19 for several ~alues of

fo~ard lIach number. L~es corresponding to the tip

Llach numbers of 0.9 and 1.0 are also sho}v.u. At the .
lowest forward Mach number .i.U=O.23, the tip Mach mnn-
hers are less than the critical vaIues shown in figure l?;
therefore, no compressibility losses are encountered iu the “1-
speed range shown. The en~elope curves are Hat and Iit tie
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difference occurs in efficiency for the two blade designs.
With increase of forward speed, however, the tip Mach
mnnbem exceed the critical values first, at the Iow advance
ratios. Decreases in envelope efficiency occur that are
greater than those for the narrower Made. Important
decrements in enveIope efficiency appear to start at a tip
Mach number of approxinmtely 0.9.

At high forward speeds, appreciably higher efficiencies
are obtained with the wicler blade. For a forward Mach
number of 0.70, the envelope effwiency for the wider blade
is from 7 to 10 percent higher than that for the narrower
Made.

The values of efilciency obtained at high forward speeds
are interesting. A forward hfac.lummber of 0.70 corre-
sponds to speeds of 463 to 532 miIes per hour, depending on
the altitude. These data indicate thut efficiencies somew-
hat greater than 90 per cent can be obtained at these
speeds provided thnt the advance. ratio and solidity are
maintained in specific ranges. As these particular pro-
pellers have higher Made-sectiou thickness ratios at least
over the outer portion of the blades than may be necessary,
it appems probrdie that currentIy obtained low-speed

efficiencies can be maintained to sca-]mwl speeds of the
order .of 550 miles per hour. Applications of these data to
high-spcecl-propeller proMems are currently beiug sLudiwi.

Power disk loading and maximum efficiency, -Actual
propeller ef.licienci~ arc det.wminwl by the induced loss and
the blade sect.ion drag loss. In the idcrd CUSO,the induced
efiic.iency is a function of the power disk-loading codici M..
In the practical application of propelke, the clllcioncio.,
obtained are less than t.hc ideal e~ciency by tw mloIIIIL

that is determined by the Mwle-sccLion clmract.cristics and
the disk-load distribution. ‘1’hc disk-loud distribution for a
propeller operating awtiy from its design condition may
have a large effect on cfficiellcy. At maximum cf’licicncy,
howerm, the effects of Ioad-dist.ribllt.io~~ variat ions arc
relatively smaII and the cliflwcmces bet.wccn the idcd C&
ciency and the maximum efllcicncy aL u given Made angic
me due principally to the Made-section cha rac.tqistics.
Comparison of f he maximum efficiency obtaitwd in these
tests with the ideal efhiency for several M tich numbcm
over the range of pow”ex’ loading hvcsL@t.d therefore
illustrates the influence of the blade acroclynmnic clmr@.cr-
istics on the over-aI.l propeller cd%ciency.

FIGURE 19.—Effeds of compressibilityy end wfidity on envelope efficiency.
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Figure 20 shows the maximum efficiencies for botk pro-
pellers, as determined from this investigation, plotted as
functions of the power disk-loading coefficient PC for several
values of forward Mach number. The ideal efficiency
given by the tnid-momentum theory is also show-n in figure
20. At very lo-iv values of Pc,the rneasurecl propelIer
efficiencies show a sharp decrease because of the blade drag.
Except for extremely Iom values of P., the general trend of
measured efficiency shotid follow the theoretical trend.
lt is apparent ako that the wider blade generally has higher
efficiency, particularly as Pcincreases.

At. Iovr speeds, the difference between the ideaI and actual
efficiencies obtained is of the order of 5 to 8 percent., de-
pendent upon the power Ioading. Over a part of the range,
it is probable that a small pm-t. of this diiTerence may be
due to the existence of nonoptimum Ioad distribution.
The whole difference is smaII and the fact that a pari of
this difference could be due to blade-load distribution
indicates that the propdIers cIoseIy approximate e optimum
aerodpamic designs. Because the sections employed are
the I’JTACA16 series, which have the Mghest critimd speed
of all propeIIer sections now a-raiIabIel the maximum e5-

ciencies obtained over the entire speed range are probably
close to the maximum now obtainable.

The variation in efficiency due to compressibility effects _
is shown by comparison of the data for the various Mach
numbers. The predominant characteristic difference is
the sharp decrease in efhciency with power Ioading that
occurs at the higher speeds. The range of power disk-
loading coefhcient over which high efficiencies can be ob- . . .
ta.ined decreases markedly at very high Mach numbers.
As at low speeds and high power disk-loading coeficientsi .
the wider blade shows the higher efficiency. The range,
however, of power disk-IoacIing coefEcicnt. co~ered is too .... .
small to permit a general conclusion. This phase of the
problem is being investigated further.

From considerations of propeller design, probably the --
most signitlcant conclusion indicated by the results pre-
sented in figure 20 is the Iarge decrease in range of power ,
load~m for high efficiencies that occurs -with increase of
speed. For high-speed airpIa.nes, the propdIer design
becomes much more critimI. With high efficiency occurring
only for a small range of power clisk-loading coefficient the
choice of diamete~, gear ratios, and solidifies desired is

.08 .07 ..cw
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(d) 31=0.65.gw~. (e)M=O.675.
. . (f)M=o.m.

FIGUBE ‘20.-Effect of power Iosding on maximnm ellkiencj’.
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severeIy limited and it will likely prove necessary to design
propellers for high-speed aircraft to suit particularly each
individual application.

Operation at constant power coefficient,-As directly ap-
plied to aircraft, it is important tQ know the effects of
design changes and speed increases in relation tsI the power
coefficient, In many applications of operation at constant.
speed and hence at substantially constant power cocfficie~tj
large gains in climb efficiwwy maybe obtained by increasing
the propeller solidity. This effect is i.hstrated in figure 21
which shows the variation in efficiency with advance ratio
for a constant value of power coefficient. AL this value of
power coefficient, low-speed data would thus indicate that
the principal advantage of tho wider blade occurs only at
low values of advance ratio. In this respect, these results
nre in agreement with other low-speed test data. Under
actual opemting conditions, however, the higher advance
ratios would bc obLa.ined at bighcr forward speeds. The
resulls presented in figure Z(b) rat~er than .in figure 21 (a)
are therefore applicable to operation at high advance ratio.
These results show significantly higher efficiency for the
wider blade. The chosen value of CP= 0.15 corresponds to
maximum efficiency at a moderately high Made angle. The
data presented in figure 21 .(a) arc for. a forward Mach num-
ber in the climbing range and in figure 21 (b) for a forward
Nfach number in he high-speecl range. At low advance
ratio? which would. be t,h~opcrating condition at the.. lower.
speed (climb), higher efficiency is obtained with the wider
blade. At this same forwmx-1 speed but at high advance
ratio, the efficiencies me the same for. both propellers. The
gains obtained. through application of bIades of increased
soliclity.thus appear to exist over the entire normal operating
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@ M=O.2S.
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FIGURE 21.—Comporkcm of el%cioncyat constmt power coe~lcien~Cp,0.15.

range and the advantages possible through inerrascd solidl~y
me uridercstirnated by tho usual propellw dtittt at low fm-
ward speed.

CONCLUS1ONS

Results of investigation of t.wo-hhtde prq)rhs httvh~

~ACA 4–(3) (08)–03 and h7AC.i 4-(3)(08)--045 Mnibz dc,
signs in the Langley 8-foot high-spwd tmlnrl through a
range .of bltde angle from 20° Lo 60° for fmwrtrd Jfnrh
numbers from 0.165 to 0.725 show &Ilc foIhnving i?flwts of
comprksibilit y ancl solidity on proprllw prrfcmntmm:

1. .%rious losses in propeller efficiency occurred al tip
Mach IlumbeM in excess of 0.91.

2. The dfcc% of compr&WL.y losses on maxil)~tinl cWi-

ciency was clependen~ upon the Wtdc angle ttnd vrwicd in
rnagnitudc from approximately 9 Lo 22 prrcrnL Iwr 0.1
increiise in tip Much numl.wr above the critical vttluc.

3. The range of peak efFiricncy, M shown by the LmvdopI*-
efficienc.y curves, dccremcd mmhdiy with incrmsc of
forward spmd.

4. Compressibility losses could bc delriycd to succcrsssivfdy
higher forward hlach number by dccrwwing Lhe tip 31[wII

number through operation at increasing wducs of Made imglc.
5. T@ general form of the dlnngcs in Lh t’usl fmd powf’

coefficients was aimi]ar to the changes in airfoil IifL cucf.h!kn L

with changes of Mach number.
6. Losses in propeller dllcimcy due to comprmsihility

effects.dpcrewcd with incrcasc of Mm.le wid [h.
i’. An incrcwse of bladr solidity from f?.03 Lo 0.045 pw-

mitt.eii an increase iu critical tip k[tirh nund.wr of 0.03.
8. The range of power ~isli loading for high Micicncy

decreased with increase of forward spud m N c.onscquenm
of co14pressibiIity effects. This dccrms~ in rmlg[~ of higl~
efficicycy indicated that. proprh- designs for high-s~)wd
aircrafL may be critical and that it will Iikrly prove nwwsmry
to desi~-propehs kJ fit spwi(ic applkntions,

9. &j conshmt.power coefficient], ~ln increase of solidity
impro~ed the efficielwy for climb and high-spmd conditions,

:.-
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